Impaired left ventricular (LV) deformation despite preserved LV ejection fraction (LVEF) is common and predicts outcomes in heart failure with preserved LVEF. We hypothesized that impaired LV deformation at rest is a marker of impaired cardiac systolic and diastolic reserve, and aimed to determine whether resting longitudinal (LS) and circumferential strain (CS) are associated with invasively measured haemodynamic response to exercise in patients with dyspnoea and a normal LVEF. 
Introduction
Myocardial deformation imaging, based on the non-invasive measurement of myocardial strain by two-dimensional (2D) speckle tracking, has allowed for the increasing recognition of abnormalities of systolic left ventricular (LV) deformation despite preserved LV ejection fraction (LVEF). Utilizing the movement of the ultrasound speckle pattern within B-mode echocardiographic images, specialized software can assess regional myocardial shortening or lengthening throughout the cardiac cycle, allowing for quantification of systolic longitudinal and circumferential shortening and strain.
1 Left ventricular deformation is altered despite preserved LVEF in conditions predisposing to heart failure (HF), including increasing age, 2 hypertension, 3 diabetes, 4 renal dysfunction, 5 and obesity. 6 These conditions are associated with a distinct pattern of deformation characterized by impaired longitudinal strain (LS) and exaggerated circumferential strain (CS), suggesting that alterations in LV deformation may be important in the transition from Stage A or B to Stage C HF. In patients with HF with preserved LVEF (HFpEF), both LS and CS are impaired, 7 and LS in particular is powerfully prognostic of incident HF hospitalization and cardiovascular death. 8 However, the mechanisms by which these fairly subtle abnormalities of LV systolic function may predispose to adverse outcomes is unclear. Impairments in cardiac reserve, which can be evoked with exercise testing, are well recognized in HFpEF 9 -11 and can detect abnormalities in patients with normal resting-state measures. 12 We hypothesized that impaired LV deformation at rest is associated with reduced cardiac functional reserve. Specifically, we determined whether LS and CS at rest are associated with the invasively measured haemodynamic response to exercise in patients with dyspnoea and a normal LVEF.
Methods

Study population
Patients with dyspnoea of indeterminate cause referred to the Dyspnoea Clinic at Brigham and Women's Hospital between May 2013 and June 2014 were included in the present study, as described previously. 13 All patients underwent resting supine echocardiography, followed immediately by right heart catheterization with measures of invasive haemodynamics at rest supine, and subsequently underwent cardiopulmonary exercise testing on an upright cycle ergometer with measurement of invasive haemodynamics upright at rest and during exercise. Major exclusion criteria included: LVEF <50%, more than mild aortic or mitral valvular disease, atrial fibrillation, and poor quality echocardiographic images precluding measurement of LV LS and CS. The study was approved by the Partners Human Research Committee and the requirement for informed consent was waived.
Invasive haemodynamic assessment
In all patients a flow-directed, balloon-tipped, four-port pacing pulmonary artery catheter (Edwards Lifesciences, Irvine, CA, USA), guided by fluoroscopy and ultrasound, was placed into the pulmonary artery. In addition, a catheter was inserted into the radial artery using a 20-gauge IV or 5-French sheath. At end expiration, the systemic arterial pressure, right atrial pressure, right ventricular pressure,
pulmonary artery pressure (PAP), pulmonary vascular resistance (PVR) and pulmonary arterial wedge pressure (PAWP) were measured using a haemodynamic monitoring system (Xper Cardio Physiomonitoring System, Philips, Andover, MA, USA), which was calibrated before each study. All invasive parameters were measured with the patient in the supine position, at rest in the upright position and during peak exercise in the upright position. The pressure transducer was levelled using as references the mid axillary line (supine) and 5 cm below the axillary fold (upright). Cardiac output (CO) was determined by thermodilution or indirect Fick methods during supine right heart catheterization, and true Fick method with direct measurement of oxygen consumption (VO 2 ), arterial and mixed venous O 2 content, during upright assessments. The cardiac index (CI) was calculated as the CO divided by body surface area. 14 
Exercise protocol
The exercise tests were performed using an upright cycle ergometer with the subject breathing room air as described elsewhere. 11 In brief, patients started with 2 min of rest which was followed by 2 min of unloaded cycling at 55-65 rpm. The work rate was subsequently increased using at 5, 10, 15, or 20 W/min to a symptom-limited maximum. Pulmonary gas exchange, minute ventilation (V E ), heart rate (HR), radial arterial blood pressure, and all the previously mentioned invasive pressures were measured continuously.
Blood samples were simultaneously drawn from the pulmonary artery and radial artery during the last minute of the rest period. Furthermore, the same blood samples were drawn during the last 15 s of each minute during exercise and during a 2-min unloading cycling recovery period immediately after peak exercise. Systemic arterial and pulmonary artery samples were analysed for O 2 saturation (SaO 2 ), partial pressure of oxygen (PO 2 ), partial pressure of carbon dioxide (PCO 2 ), pH, haemoglobin concentration, and O 2 content (arterial oxygen content CaO 2 and mixed venous oxygen content CvO 2 , respectively) by co-oximetry. Breath-by-breath pulmonary gas exchange was measured directly by a commercially available metabolic cart (MGC Diagnostics, St Paul, MN, USA)
Echocardiography
Supine transthoracic echocardiography was performed before patients underwent right heart catheterization (time interval <1 h). All echocardiographic measurements were performed by readers who were blinded to the invasive haemodynamic data, using a computerized off-line analysis station and in accordance with the recommendations of the American Society of Echocardiography, 15,16 as previously described. 17 Measurements were performed in triplicate and the average value used for analysis. Reproducibility metrics for key conventional measures have been published elsewhere.
13
Myocardial deformation analyses were performed on echocardiographic images in DICOM format (TomTec 2D Cardiac Performance Analysis, Munich, Germany) as previously described. 17 For deformation analysis, endocardial borders were traced at the end-diastolic frame in apical views, with end-diastole defined by the QRS complex or as the frame after mitral valve closure. The software tracks speckles along the endocardial border throughout the cardiac cycle. Peak LS was computed automatically, generating regional data from six segments and an average value for each view. Analyses were performed on a single cardiac cycle. The tracking of each region was carefully inspected and manually adjusted if needed. If more than two segments could not BMI, body mass index; PCI, percutaneous coronary intervention; CABG, coronary artery bypass grafting; CAD, coronary artery disease; eGFR, estimated glomerular filtration rate; ACE, angiotensin-converting enzyme; ASA, aspirin; LV, left ventricular; LVEDV, LV end-diastolic volume; LVESV, LV end-systolic volume; LVEF, LV ejection fraction; CI, cardiac index; HR, heart rate; PAWP, pulmonary arterial wedge pressure; SV, stroke volume; BP, blood pressure; SVR, systemic vascular resistance. The data in square brackets represent interquartile range.
be tracked, the measurements were considered unreliable and the echocardiographic examination was excluded from the analysis. Peak average LS was measured in the apical four-and apical two-chamber views (in six segments from each view) and averaged to calculate global LS. Global CS was calculated as the average of the peak circumferential strain obtained from six segments from the parasternal short axis
view at the level of the papillary muscles, respectively. We also calculated the ratio between CS and LS (CS/LS ratio). All strain measures were performed by a single reader at the echocardiography core laboratory. Intra-observer variability in our laboratory for LS and CS, performed in 40 studies, yielded a coefficient of variation of 8% for LS (bias 0.4 ± 1.5%) and 10% for CS (bias 1.7 ± 2.8%). 17 values, to assess the relationship between myocardial deformation parameters and change in invasive haemodynamic parameters.
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Using the haemodynamic parameters obtained in supine position and during peak exercise we classified patients into three groups: (i) normal haemodynamic response to exercise, (ii) significant rest-or exercise-induced pulmonary venous hypertension, and (iii) impaired functional capacity (peak VO 2 < 80% predicted) without significant exercise-induced pulmonary venous hypertension. A normal haemodynamic response was defined as PAWP ≤15 mmHg and mean pulmonary artery pressure <25 mmHg in supine position, with peak PAWP <20 mmHg and peak PVR < 120 dyn.s/cm 5 and VO 2max above 80% of the predicted value. Significant rest-or exercise-induced pulmonary venous hypertension was defined as PAWP >15 mmHg supine or peak PAWP ≥20 mmHg. All other patients who fulfilled neither of the two aforementioned criteria were defined as impaired functional capacity without significant exercise-induced pulmonary venous hypertension. The LS, CS, and CS/LS ratio were compared between groups using Student's t-test. Receiver operating characteristic (ROC) curves were constructed for LS, CS, and CS/LS ratio to assess the cut-offs with highest sensitivity and specificity for diagnosing resting or exercise-induced pulmonary venous hypertension. In addition, area under the curve (AUC), negative predictive value and positive predictive value were calculated ( Table 3) . A two sided P-value <0.05 was considered significant. Statistical analysis was performed using Stata software Version 12.1 (Stata Corp LP, College Station, TX, USA).
Results
A total of 140 patients underwent supine echocardiography followed by invasive cardiopulmonary testing for the evaluation of unexplained dyspnoea at the Brigham and Women's Hospital between May 2013 and June 2014. Of these, we excluded patients with LVEF <50% (n = 10), patients with more than mild valvular disease (n = 9), and patients with hypertrophic cardiomyopathy (n = 1). In addition, 35 were excluded because of poor image quality for myocardial strain analysis. The final study population consisted of 85 patients. The mean absolute LS, measurable in all patients, was 18.2 ± 2.2%. The mean absolute CS, which was measurable in 69 patients, was 25.9 ± 3.3% (see the Supplementary material online, Figure S1 ). LS and CS were not correlated (r = −0.02, P = 0.87). No Table S1 ).
Baseline correlates of myocardial deformation
Higher absolute resting LS was associated with female sex, smaller LV wall thickness, lower LV mass, and higher LVEF ( Table 1) . In contrast, higher absolute CS was associated with older age, a higher prevalence of cardiovascular risk factors including hypertension, diabetes, and dyslipidaemia, greater LV wall thickness, and higher E/e ′ . Higher absolute CS was associated with lower CI and higher systemic vascular resistance at rest ( Table 2) . Both lower resting LS and higher resting CS were associated with lower tissue Doppler e ′ , a direct echocardiographic measure of early diastolic LV relaxation (Figure 1) . Similar association between strain measures and invasive haemodynamic parameters were observed using haemodynamic measures obtained at rest in the supine position (see the Supplementary material online, Tables S2 and S3).
Association between changes in invasive haemodynamic parameters during exercise and myocardial deformation at rest
Neither LS nor CS were associated with functional capacity (expressed as the peak VO 2 ) or ventilator efficiency (expressed as the VE/VCO 2 slope; P-value for all associations >0.6; see the Supplementary material online, Table S4 ). Lower LS at rest was associated with a greater increase in PAWP and a blunted increase in HR with exercise in analyses accounting for baseline haemodynamics ( Table 4 and Figure 2 ). The association with blunted HR response remained significant after adjustment for beta-blocker use (P = 0.04). In contrast, lower CS at rest was associated with a lesser exercise-induced rise in PAWP, but also greater increase in HR, and an attenuated increase in stroke volume (SV) during exercise (Table 4 and Figures 2 and 3) . For CS, the association with HR did not remain statistically significant after adjustment for beta blocker use (P = 0. higher CS/LS ratio predicted greater exercise-induced increase in PAWP and SV, and an attenuated chronotropic response to exercise ( Table 4 and Figure 2) . The association between CS/LS ratio and HR remained statistically significant after adjustment for beta-blocker use (P = 0.04). All associations between myocardial deformation measures at rest and changes in invasive haemodynamics also remained significant when further adjusting for peak respiratory exchange ratio and peak VO 2 (see the Supplementary material online, 
Myocardial deformation pattern and exercise haemodynamic phenotypes
Significant rest-or exercise-induced pulmonary venous hypertension, defined as a resting PAWP >15 mmHg or a peak exercise PAWP >20 mmHg, occurred in 14 patients. Seventeen patients had a normal haemodynamic response to exercise, and 54 had impaired functional capacity (peak VO 2 < 80% predicted) without significant exercise-induced pulmonary venous hypertension. The clinical characteristics for participants stratified according to exercise haemodynamic phenotypes are displayed in the Supplementary material online, Figure 3 ) but higher CS (−24.7% ± 2.9% vs. -29.1% ± 2.6%, P = 0.003; Figure 3) . The CS/LS ratio was lowest among patients with a normal haemodynamic response to exercise (1.28 ± 0.20 vs. 1.64 ± 0.22, P = 0.001; Figure 3) .
We assessed the diagnostic utility of LV deformation measures to exclude the presence of rest-or exercise-induced pulmonary venous hypertension in our population of patients with dyspnoea of unclear aetiology ( Table 3) . The CS/LS ratio resulted in the highest AUC and specificity of all the measures. Importantly, a CS/LS ratio <1.61 carried a negative predictive value of 96% for the presence of rest-or exercise-induced pulmonary venous hypertension.
Discussion
Among patients with unexplained dyspnoea referred for invasive cardiopulmonary testing, we found that resting LV longitudinal and circumferential deformation predict LV diastolic reserve with exercise. Longitudinal strain and CS are differentially associated with diastolic reserve capacity during exercise, with lower resting LS and higher resting CS each modestly associated with greater exercise-induced rise in PAWP. Patients who demonstrated pulmonary venous hypertension at rest or with exercise demonstrated lower LS and greater CS compared with patients with a normal haemodynamic response to exercise. Among patients with unexplained dyspnoea, a low CS/LS ratio (<1.6) was associated with a very low probability of rest-or exercise-induced pulmonary venous hypertension.
The LV myocardium consists of myocardial fibres with differing orientations: circumferential fibres occupy the cardiac mid-wall, while longitudinal myofibre orientation forms a right-handed helix in subendocardium and a left-handed helix in subepicardium. two oppositely directed spirals, with the net difference in myofibre angulation between these two spirals ranging from +60 ∘ to −60 ∘ . 20 While both the subendocardial and the subepicardial longitudinal fibres contribute to longitudinal deformation, in the normal heart they counterbalance each other's ability to produce circumferential deformation. The subendocardial fibres appear more susceptible to dysfunction, 9,21 with subclinical impairment of longitudinal deformation despite a normal LVEF previously demonstrated in the setting of hypertension, 3 diabetes mellitus, 4 atrial fibrillation, 22 coronary heart disease, 23 and HFpEF. 7, 9 This impairment of the subendocardial longitudinal fibres also leads to attenuated subendocardial right-handed helix fibre shortening during systole, potentially resulting in a failure to fully counterbalance the subepicardial left-handed helix fibre shortening and resulting in increased circumferential deformation. 7, 24, 25 This putative mechanism for early alterations in LV deformation is consistent with our finding of reduced LS but exaggerated CS associated with greater cardiac risk factor burden and worse echocardiographic phenotype, as defined by wall thickness, and measures of LV systolic and diastolic function (Tables 1 and 2) . Indeed, we noted that the relationship between circumferential and longitudinal deformation-expressed as the CS/LS ratio-was a stronger predictor of an increase in PAWP during exercise than either measure alone (Tables 3, 4 and Figure 2) .
Systolic function is one determinant of diastolic function, and vice versa. 26 During systolic contraction, the ventricular cardiomyocytes shorten to less than their equilibrium length, which stores potential energy in the elastic myocardial components (the extracellular collagen surrounding the myocytes and the titin filaments within the myocytes). This accelerates the relaxation process and contributes to re-lengthening during early diastole. 19 In accord with this proposed mechanism, we found a significant association between all measures of systolic myocardial deformation and the magnitude of the early relaxation velocity e ′ (Figure 1) , with the CS/LS ratio most strongly correlated with the early relaxation velocity. Many cardiovascular risk factors, such as hypertension and LV hypertrophy, are associated with coupled abnormalities of diastolic function and LV longitudinal systolic function despite a preserved LVEF. 27 shortened diastolic period while maintaining a low LV filling pressure during exercise, LV twist increases with associated increase in mitral annular motion toward the apex during systole. 9 This leads to increased early diastolic untwisting, greater early diastolic suction, and a more rapid descent of the mitral annulus to the base of the heart, which also aids filling by moving the mitral annulus around the column of the incoming blood. 28 Although we did not measure deformation during exercise, our observation of an association between altered resting LV deformation and greater exercise-induced PAWP rise suggests that resting-state alterations in deformation may signal impaired systolic mechanical reserve. Impaired augmentation of LV twist and longitudinal shortening with exercise in patients with reduced resting LS and a high CS/LS ratio may mediate impaired diastolic reserve and the observed association with a greater increase in PAWP. Indeed, in patients with prevalent HFpEF, previous studies have demonstrated that all these compensatory mechanisms during exercise are impaired. 9, 29 The findings of the present study therefore fit well with the findings of Tan and colleagues 9,29 demonstrating exercise-associated prolongation of the time difference between peak twist and peak longitudinal displacement and the ratio of untwist to longitudinal extension in HFpEF, and provides complementary invasive haemodynamic data.
Patients with HFpEF are known to have limited HR response to exercise, possibly related to abnormal autonomic function. 30 Interestingly, we found that both LS and CS at rest were significant predictors of the chronotropic response to exercise, with lower LS and higher CS associated with an attenuated chronotropic response even after adjusting for peak VO 2 . Our findings are concordant with those of a recent study demonstrating concomitant blunted chronotropic response and impaired longitudinal function among HFpEF patients with poor exercise capacity. 31 The mechanisms potentially responsible for these associations are unclear. However, measures of myocardial deformation appear closely associated with cardiac sympathetic innervation, as assessed by 123 I-metaiodobenzylguanidine ( 123 I-MIBG) scintigraphy, 32 and reduced cardiac sympathetic innervation measured by 123 I-MIBG scintigraphy predicts impaired myocardial reserve capacity during stress testing in patients with HF with reduced LVEF. 33 Therefore, the association of resting LS and CS with impaired chronotropic response to exercise may be mediated through reductions in cardiac sympathetic innervation occurring in parallel with alterations in LV deformation.
Myocardial deformation assessed at rest was not associated with the magnitude of CO augmentation with exercise ( exercise-induced augmentation in SV, maintaining CO constant regardless of resting CS. These findings suggest that failure to augment CO with exercise may be a relatively late expression of impaired systolic reserve, with several more subtle abnormalities of LV deformation and diastolic reserve detectable despite an intact CO response. The association between higher CS at rest and greater exercise-induced augmentation in SV could also be secondary to the attenuated chronotropic response association with higher CS, which could result in greater LV diastolic filling and end-diastolic volume during exercise. Furthermore, the association between higher CS at rest and greater exercise-induced augmentation in SV could also result from exaggerated mid-ventricular circumferential recoil during early diastole, resulting in greater LV filling as a result of radial instead of longitudinal recoil.
Several limitations of this analysis should be acknowledged. Supine myocardial deformation parameters were acquired within 1 hour before the invasive measurements (see the Supplementary material online, Tables S2 and S3). Of the 120 patients included in the present study, 35 needed to be excluded from the analysis because insufficient quality for deformation analysis. A relatively small number of patients had rest-or exercise-induced pulmonary venous hypertension (n = 14), which may have limited the power of our study to detect associations. Importantly, however, our primary analyses assessed the association of resting-state deformation with exercise haemodynamics in all 85 patients who demonstrated a broad range of haemodynamic responses to exercise. Concomitant data on exercise LS and CS would help clarify the mechanisms mediating the association between resting-state LV deformation and haemodynamic response to exercise, but was unfortunately not available in the present study. Images necessary to assess twist and torsion were not obtained. Three-dimensional (3D) echocardiography was not included in the study protocol. The 3D assessment of myocardial deformation could potentially provide superior data regarding regional differences in myocardial deformation compared with 2D strain which was used in this analysis. Correlation analyses can suffer from disproportionate weighting of extreme outliers, although deformation and haemodynamic measures were normally distributed in this analysis. The observed correlations between LS and CS and exercise-induced change in PAWP were mild to moderate in magnitude. While we do not expect resting LS and CS to be sufficiently predictive to replace exercise testing, these associations provide insights into the mechanisms by which subtle alterations of LV deformation, despite preserved LVEF, may contribute to cardiovascular symptoms. In addition, our findings suggest that in a population of patients with unexplained dyspnoea, a pattern of low circumferential strain relative to longitudinal strain is associated with a high negative predictive value for the presence of rest-or exercise-induced pulmonary venous hypertension. These findings require replication in an independent cohort, as the relatively small sample size in this analysis limited our ability to generate both a derivation group and a testing group. In addition, the extrapolation of our results to broader populations of patients with unexplained dyspnoea should be cautious, as this is a very heterogeneous population comprising patients presenting a wide spectrum of structural and functional cardiac abnormalities. 
Conclusion
A pattern of altered LV deformation at rest, characterized by low LS and high CS, predicts an exercise-associated elevation in PAWP and the presence of pulmonary venous hypertension.
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